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ABSTRACT

Development of a Mach 1. 2 Ra•a Erosion Test Apparatus at the Air

Force Materials Laboratory, Wright-Patterson Air Force Base, Ohio, is

described. This rotating arm apparatus is capable of evaluating the relative

rain erosion resistance of materials and tan be operated at speeds of 450 to

900 mph in a I or 2 inch/hour simulated rainfall. This report describes the

design and development of the apparatus including the rotating arm, power

train, test enclosure, rain simulation and control systems. Calibration

and correlation experiments are also described.

Distribution of this abstract is unlimited.
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IN

SECTION I

INTRODUCTION

The phenomenon known as rain erosion, that is, the damage to materials

caused by the impingement of rain drops at high speeds, has long been a

concern of the U. S. Air Force. The Air Force Materials Laboratory at

Wright-Patterson Air Force Base has conducted research on rain erosion

since 1947 when rain erosion was first observed on aircraft flying at speeds

in excess of 400 mph.

In the course of rain erosion research over the years, the rotating arm

apparatus has been found to provide the best laboratory simulation of the

environment for the purposes of evaluating materials and investigation of

erosion mechanisms (Reference 1). Typically, in a rotating arm apparatus,

Smaterials specimens are attached to the tip of a propeller-like blade whbch

is rotated at a specified velocity (500 mph) through a simulated rainfall (I

inch/hour intensity). The results of rotating arm investigations have been

correlated to actual flight test results both as to relative ranking of the

erosion resistance of materials and the modes of failure of theme materials

under the influence of the droplet Impingement (Reference 2). The rotating

arm apparatus makes possible the attainment of velocity coupled with the

random impingement of multiple drops -- all of which elements are required

for proper simulation.

A variety of rotatling arm apparatus have been built over the years to

provide simulation for the investigation of rain erosion phenomena and these

include (Reference 3):



Maximum Date of
Location Velocity (mph) Construction

*Air Force Materials Laboratory 265 1944

Wright-Patterson AFB, Ohio

*Cornell Aeronautical Laboratory 600 1948
Buffalo. New York

Royal Aircraft Establishment 600 1956
Farnborough, England

University of Cincinnati 500 1955
Cincinnati, Ohio

B. F. Goodrich Company 600 1960
Brecksville, Ohio

*Air Ferce Materials Laboratory(old) 500 1964
Wright-Patterson AFB, Ohio

*Air Force Materials Laboratory(old) 1650 1958
Wright-Patterson AFB, Ohio

Saab Aviation 750 1961
Linkoping, Sweden

Olin Corporation 500 1966
New Haven, Connecticut

Dornier Systems GmbH 1050 1961
Immenstaad, Germany

Air Force Materials Laboratory(new) 900 1968
Wright-Patterson AFB, Ohio

Bell Aerospace Z500 1969
Buffalo, New York

The above apparatus all differ in specimen configuration and water droplet

production methods but the relative rankings from each device correspond to

the others. The current AFML apparatus described in this report, which is

capable of velocities up to 900 mph (Mach 1. 2) was developed to provide an

improved capability in velocity, control of rainfall simulation and monitoring

of experiments for the purpose of in-house materials development and investi-

gation or erosion phenomena.

* No longer in existence
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SECTION II

t RAIN EROSION TEST APPARATUS DESCRIPTION

1. Test Enclosure and Control Room

The Mach 1. 2 Rain Erosion Test Apparatus is located in Building 20-A,

Area B. Wright-Patterson AFB, Ohio, which is designed specifically for

propeller and rotating arm testing. Within this test building, the test en-

closure and control room were constructed. The test enclosure is con-

structed of double reinforced, poured concrete walls with separate steel and

oak bomb padding inner walls. Air vents at the base of the test enclosure

insure free air movement through the enclosure and exit through the vented

duuble rooL There are two entrances to the test enclosure: one large

maintenance entrance and an entrance direct from the control room. The

two entrances each contain two separate doors, each constructed of steel

sheet and oak bomb padding. The design of the test enclosure insures maxi-

mum protection for operating personnel. The control room, adjacent to the

test enclosure, Is constructed of reinforced, poured concrete walls and roof.

The entrance to the test enclosure from the control room is protected by an

additional concrete curtain wall. The control room contains all the eqaip-

ment and functions necessary to control and monitor the operation of the

test apparatus. (See Figures I and 2. )

2. Rotating Arm Apparatus and Drive System

The rotating arm consists of an eight-foot diameter double arm blade.

It was designed to produce high tip speeds with negative lift and a low drag

coefficient. Mated test specimens are mounted at the leading edge tip sections

3
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from 450 to '00 mph. For simulation purposes, the double arm blade is

mountee horizontally on a vertical drive shaft. Power to drive the rotating

arm is supplied by a high voltage D. C. power supply driving a 400 HP D. C.

electric motor. The D. C. motor is coupled to a 2:1 speed increasing right

angle gear drive below the double rotating arm. (See Figures 3 and 4).

3. Rain Simulatlon Apparatus

Simtulated rainfall is produced by four curved manifold quadrants. Each

manifold quadrant has twenty-four equally ?paced capillaries. The capillary

tubes used are specially modified hypodermic. needles. Water is delivered

to the four manifold quadrants simultaneously from a water storage tank

located on the roof of the test enclosure. The storage tank is mounted on a

vertically adjustable platform. This allows adjustment of the water head

pressure by varying the height. The water level in the storage tank is main-

tained by an overflow standpipe. When rainfall simulation is initiated, water

flows from the atorage tank through low pressure solenoid valves on each

manifold quadrant. Water then fills the capillaries and raindrops are produced.

Drop size and drop rate are controlled by the capillary orifice diameter and

head pressure of the water 4torage tank. The manifold quadrants are mounted

above the tips of the double rotating arm. Rain drops from the simulation

apparatus impact the test specimens throughout their entire annular path. The

simulation apparatus can produce a wide variety of rainfall rates in the path

of the moving test specimens by adjustment of the water, needle size and num-

ber but is normally run at either one or two inches per hour rainfall (See

Figure 5).

4



4. Instrumeation and Control System

All functions of the test apparatus are controlled and monitored from t~te

remote control room. The drive system of the double rctaiing arm it con-

trolled at the operator's console. Instantaneous speed readout is monitored

by an integrating digital voltmeter. Variable speed operation is possible

through the operator's manual control. Pressure and temnperature of tbe

speed increasing gear drive aTe monitored. Dual heat sensors located on the

lo-ad ^nd ax•al bearing hauslngcontinuoualy record bearing temperatures on

Srororder located in the control room. Vibration seneors are also located

-on the tearing housing. They measure horizontal and vertical displacement

of the test apparatus on an indicator on the operator's console, A modified

slave stroboscopic unit with two photo pickup sensors located on the drive

shaft, and two high inensity strobe lights mounted on the test enclosure wall

above and below tle rotating arm provide stop motion viewing of the test

specimens under actual test conditions. This function is also controlled and

monitored from the operator 's console. Viewing of the specimens under test

io accomplished by the use of closed circuit television. A television camnera

in an environmental protective housing is located in the test enclosure and a

television monitor is located in the control room. The operator can visually

observe the erosion of the specimen undergoing evaluation. Rainfall initiation

and termination is controlled also from the operator's console. Automatic

timing mechanisms record the t:tal operating time of the test apparatus,

total exposure time of the specimen, and total rain simulation duration. (See

Figure 6.)
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SECTION III

ROTATING ARM POWER REQUIREMENTS

The power consumed 'Reference 4) by an arm rotating through the atmo-

sphere is a function of the amount of surface at each point along the radius.

A first consideration is the manner in which the chord varies with the radius.

For a design in which the stress is constant at all cross-sections (this

assumes a uniform spanwise temperature) the following equation applies:

-SdA = -AWw rdr (1)
g

For a similar cross-sectional shape throughout the arm length

d..c -
6 Wwrdr (2)

g gS

or

C =CTe(VT2 - V 2)/4.95 (S/W) (3)

where V is mph. For variable spanwise temperature in the blade, the

allowable stress will vary and the above equations must be appropriately

integrated.

It can be seen that the constant stress section -deviates little from a con-

stant taper ratio section and, for the purpose of approximate power calcula-

tions, it is assumed that the rotating arm is of constant taper geometry. In

a final design computation, corrections will be needed to refine the resulting

approximate value. Thus, as can be developed from the sketch below,

tCT[ 1 (4)" m ]

12A
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CC CB (4 cont'd)

____ ___ B

ýR

Utilizing this relation to determine the surface area, the power compu-

tations proceed as follows:

Torque lI/Z p CDV2 crdr (5)
0D

with V in ft/sec. Changing the variable from r to V

Torque = SL T CDCV3 dV (6)
VT o

or

- R VT
HP CDV (V

(Z)(5oRV T 3 dV< ::. HP : (2)5 50) VT D7

Substitute equation (4) for C, and, letting V = 1100 KM, one obtains from

equation (7)
:•-• )210CTf T M T(1. 110CMpRK3 J1 M-1

HP C [I M M3 dM (8)MtM D M"• T M MR• : MB

An approximate va-iation of C with Mach number for 10r% fitness ratio is

{D

as follows :

M 2C D 10 -- - <M < I

C 1_ 0<M<T

D 10M4

C .1-.M<

<,D

) • .i i ii ii ii wnl • lng gglm • I ! mmal i I NI~m l Imqn~ 13



Substituting these drag coefficients into equation (8), one obtains after

[ collecting terms

HP 1. 21 x 10Ko3 RC I9)

where

S= M T 3 4M + MT "8 " Mo

Equation (9) applies to a single blade. For a rotating arm consisting of two

single blac(es, the pcwer would have to be doubled.

The power requirements for a rotating arm moving at 900 mph (Mach

1. 2) are derived. The hornepower required to drive a single four-foot radius

blade, 10% thick, having a tip chord of 3" and a taper ratio of 7. 146 in air at

I atmosphere (p = 2. 378 x 10- slugs/cu. ft. and a speed of sound 1100

ft/sec) with a tip speed of 900 mph is found as follows:

11I00
K =- - =

1100

CT Iti ~12 4"

900
MT 750(l)

By equation (10), 1 = 0. 6787

From equation (9)

HP = 1.21 x 105 (I)3 (4) (2.378 x 10-) (0.6787)

= 196. 1 HP per single arm blade

= 392. 2 HP per double arm blade

14



V SECTION IV

ROTATING ARM DESIGN

The double rotating arm was designed for maximum operational velocities

in the test specimen exposure area of 900 mph (Mach 1. 2) and a limiting cen-

trifugal force of 27, 200 lbs. The design of the double rotating arm generally

takes the form of a double diamond wedge. The double arm has a diameter

of 8 1/2" and was designed to obtain velocities ranging from 400 to 900 mph

at the specimen center. (2. 5 inch long specimen). Table I lists the various

* velocities obta-inable in Mach number, RPM, ft/sec and MPH at the test

specimen center (2. 5 inch long specimen) and blade tip:

TABLE I

OPERATING VELOCITIES

- SPECIMEN CENTER ROTATING ARM TIP

R M MACHI MACH-
RPM NO. FT/SEC MPH RPM NO. FT/SEC MPH

1458 0.53 587.0 400 1458 0.56 614.0 418
1823 0.66 733.0 500 1823 0.70 767.0 523

2188 0.80 I 880.0 600 2188 0.84 921.0 628

2 5 2552 0.93 1027.0 700 2552 0.98 1074.J 732

2917 1.06 1173.0 800 2917 1.10 1216.0 829

3282 1.20 1320.0 900 3282 1.26 1381.0 942

The increasing rotating arm radius and rpm for speeds ranging from

400 to 900 mph as a function of centrifugal force is shown in Table IL

In -he selection of materials for the double rotating arm, prime con-

sideration was given to the ..trength to weight ratio, since the taper ratio

15



(n .c v _ 56 - r- t- t- coo v-oa N -N -,D-

-0~~000000000O0000000O00

N N n(

C)N NN V
a-q 0 M N% - M 0( : c -0r 0t f
o a,____M_______r_____f_____ %__________ (n__ %_ I-__

cz'; P 0 -N4_74 t is1 ýU
o 414MM ti nL %0000000-00t-0OD000 C,0%0

0

-4 1-4 4 _qý4-

04:

Va (y D no a- %0 t a aO qT( a-%D-0

N~ m- -- m m 0% -t 0 nm%
z

%0 -4 V 'D00V OD 0 W N a en00 0

N nm( nL 0N _0 0 a,-a a a a a

C4

N 000m m0N m Na 0 %0 m Nm ma,

I*M ____v_%_____inM_4_;0_t_____wm____v

V: -D f- D _ _m Vin_ _ - WCy,0 m i

II0 0 00 0

16



of the rotating arm varies exponentially with this quantity, in accordance

with equations similar to Section 11 (3). As an illustration, given in terms of

equivalent circular section of a steel blade is shown in Figure 7. An approx-

imate variation of drag coefficient with Mach number for a 101 fineness ratio

is shown in Figure 8. The drawings shown in Figures 9, 10 and 11 were used

for the actual fabrication of the double rotating arm.

An annealed forging of 4340 steel was selected as the material for the

rotating arm. 4340 steel met the strength to weight ratio requirements and

practical machining requirements. Forging dimensions were 62" x 18 1/2"

x 1 3/8". Forging weight was 870 lbs. Forging hardness was 179 BHN.

Chemical analysis indicated the following alloying materials:

C Mn P S Si Cr Ni Mo

0.40 0.75 0.008 0.015 0.27 0.78 1.78 0.24

An ultrasonic test was performed by the supplier before delivery. A Magna-

flux PS-800, at a frequency of 2. 25, by the contact method was used. No

indications )f voids were found when scanned in the rough forged condition.

Physical parameters of the double rotating arm using 4340 steel are shown

in Tables III and IV.

TABLE III

PHYSICAL PARAMETERS OF THE DOUBLE ROTATING ARM-4340 STEEL

I Section Section
Sec. Volume Wt' Lb. wt. Radius V(ft/sec) Lb. C. F.
No. (inZ) in 3 Vol of Sec. (ft) • at 3500 rpm at 3500 rpm
1 184.58 0.2834 52. 30 0. 452 165.0 97,800
2 I 121.15 34.33 1,021 374.4 146, 500
S86.07 2C40 1.667 610.8 169,600
4 54.82 15.54 i2.333 855.3 151,200
5 29. 83 8.46 3.000 1100.0 106,000
6 7.69 2.18 3.521 , 1291.0 32.000

L 7 4.21 1.19 3.863 1 416.0 27 200
4C. F. calculation includes 0. 5 lb. specimen weight

17
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TABLE IV

PHYSICAL PARAMETERS OF THE DOUBLE ROTATING ARM-4340 STEEL

1i Stress,
Sec. No._ Area(in) Lb. C. F. Psi

0-1 20.6Z 730,300 35,400
1-2 17.44 632,500 36,260
2-3 1Z.99 486,000 37,410
3-4 8.72 316,400 36,290
4-5 5. 19 165,O5 31,830
5-6 T2.466 59,200 14,800!'6-7 0. 906 27,2Z00 1 30, 000

Total weight of Double Rotating Arm = 276. 80 lbs.

=,2
23
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SECTION V

TEST SPECIMEN DESIGN

The double rotating arm previously described allows attachment of two

mated test specimens. This design enables simultaneous evaluation of du-

plicate test materials. The candidate specimens are mounted at either end

of the double rotating arm and are placed such that the leading edges of the

test specimens are facing the direction of travel of the rotating arm. The

specimen attachment area of the rotating arm is so designed as to provide

maximum versatility in test specimen configuration. Numerous test speci-

men configurations are possible depending upon the test apparatus limitations

in maximum power capability, rotating arm stress load, rotating arm flutter

and developing shock waves. The specimen shapes described below may be

used as is or can be the substrate to which a candidate material is applied.

Organic, inorganic, metallic and ceramic materials may be sprayed,

brushed, dipped, plated, formed or bonded to the specimen substrate.

Materials used in substrate fabrication may be any of the following: glass-

polyester, glass-epoxy, glass-polyimide or other laminates, aluminum

alloys, steels, various metals and cast ceramic or plastic materials.

Currently, five distinct specimen configurations are utilized:

1. Cornell Leading Edge Configuration: The primary test specimen

configuration was previously utilized by Cornell Aercnautical Laboratories,

It is a composite design of aircraft wing leading edges (specifically an NACA

.0025 airfoil). This test specimen may be fabricated from the candidate n-a-

terial or as the substrate for the exj:erimental coating material. (See Figure 12.)

24



2. 0. 125 inch Radius Leading Edge: This test spccimen configuration

offers a 0. 125 radius leading edge over 3. 937 inch length. Normally this

test specimen is used as a substrate for overcoating with various experi-

mental materials. (See Figure 13.)

3. 0. 025 inch Radius Leading Edge: The test specimen described here

has essentially a 4. 000 inch knife edge. This specimen can be overcoated

with experimental materials, but is normally used as the substrate for lam-

inate materials bonded to the leading edge. (See Figure 14.)

4. 0. 125 inch Radius Laminate Leading Edge: The laminate leading

edge is usually bonded to the test specimen described in Figure 15. This

specimen offers a 0. 125 inch radius by a 4. 000 inch length leading edge.

It is normally fabricated from composite laminated experinmental materials.

Z5



R AIN EROSION TEST SPECIMEN

1.2001010

.0025 AIRFOIL-4 INCH CHORD

DI3TANCE FROM LEADING EDGE

% CHORD T ORDINATE ABSCISSA.oo) .oox
.0.00

i.•5 .05 .158
2.50 .10 .218
5.00 .20 .296
7.50 .30 .350

10.00 .40 .390
15.00 .60 .446
20.00 .80 .478
25.00 1.00 .485
30.00 1.20 .500

OUTER DIMENSIONS OFIWINCH SPECIMEN
DIMENSIONS IN INCHES
MATERIAL- 2024 -T4 ALUMINUM

Figure 1"'. 0. 0025 Airfoil Specirrmen Design
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S~ SECTION VI

r TEST SPECIMEN HOLDERS

Two distinct mounting holders were developed, which allow testing of

the five separate specimen configurations described in the previous section.

The mounting holders were designed to ease installation of test specimens

and to reduce down-time between test runs. All specimens or mounting

holders fit into a pocket machined into the leading edge at the outboard ends

of the double' rotating arm. The test specimen holder shown in Figre 16 is

designed for the Cornell leading edge configuration described in No. I of

Section V. Schematic drawing is shown in Figure 17. The cover plate

holder described in Figure 18 ia used to mount specimen configurations No.

2, 3, 4, and 5 in Section V. The pocket arrangement of the double whirling

arm permits design of various specimen shapes and specimen holders as

future testing requirements change.

30
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SECTION VII

RAINFALL SIMULATION APPARATUS DESIGN

Water for the rainfall simulation apparatus is piped to the control room.

At this site, the water flow is controlled and passed through a filtering sys-

tem. Filtration is accomplished by passing the water through a 5 micron

wound cotton fiber filter and through a 0. 5 micron porous stainless steel

filter. Water is then piped to a 32 gallon reservoir tank located on top of

the test enclosure. The reservoir tank is equipped with an overflow stand

pipe and a solenoid operated dumping valve. The tank is mounted on a plat-

form which can be raised and l,•wered vertically to control the head pressure

of the water delivered to the rainfall simulation manifolds. Water is de-

livered to the quadrants through copper lines to each manifold of the rainfall

simulation apparatus. Four separate solenoid valves control the water flow

to each quadrant. The solenoid valves are mounted directly behind the

quadrants and insure instantaneous initiation and termination of the simulated

rainfall. Water is passed through the solenoid valves into the four curved

manifolds mounted horizontally above the double rotating arm. (See Figure

19). Water passes from the manifolds through vertically mounted capillary

tubes (modified hypodermic needles) in the form of water droplets. The

drop size and drop rate are controlled by the capillary interior diameter

and tube length with an appropriate head height pressure. The height of the

manifolds can be varied to produce a desired drop velocity. The manifolds

can be moved horizontally toward the center of the test enclosure over the
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double rotating arm to compensate for centrifugal pumping effects caused by

high speed operation of the rotating arm.

Due to the high concentration of soluble salts in the water, it was

necessary to install a nitrogen gas purging system. During shutdown periods,

residual water in the manifolds evaporated through the capillary tubes leav-

-ig salt deposits. These deposits caused malfunctions of the capilliaries.

The gas purging system expels the residual water in the quadrants at the

end of each day's operation.

Ninety-six 27 ga (0. 20 mm I. D.) capillaries mounted in the manifolds

(3.03" apart) produced a continuous simulated rainfall in the annular path of

the moving test specimens (See Figure 20). The manifolds can be moved

vertically over a distance of five feet to produce a desired drop velocity

(See Table V).

TABLE V

AVERAGE DROP VELOCITIES

Acceleration Distance Time Initial Velocity Final Velocity
ft/secz (ft. ' (sec) (ft/sec) (ft/sec

32.2 0.5 0. 175 0 5.65

32.2 1.0 0.248 0 8.00

32.2 1.5 0.306 0 9.97

I 32.2 2.0 0.351 0 11.31

32.2 2.5 0.393 0 12.68

32.2 3.0 0.431 0 13.89

32.2 3.5 0.465 0 15.00

32.2 4.0 0.497 0 16.03

32.2 4.5 0.527 0 17.00

32.2 5.0 0.557 0 17.94
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SECTION VII

TEST ENCLOSURE AND CONTROL ROOM DESIGN

The design of the test enclosure and control room incorporates the -on-

cepts of increased testing cal ibility, maximum safety and operational

efficiency. The test apparatus is located in a building designed specifically

for propeller and :otating arm testing. Visible and audio warning systems,

as well as, restricted personnel access have long been a part of this test

site's standing ,;rders. Approximately 600 sq. ft. of this testing site had

been allocated for the construction of the rain erosion test apparatus. Con-

struction ,f the test enclosure and control room requirec maximum protection

from internal system failures and external testing operations in the vicinity

of tht. test apparatus.

The test enclosure (14' x 14' x 12') is constructed of 12" steel-rein-

forced concrete, 1/2" steel, and 6" x 6" oak bomb padding. The floor is con-

structed ( f 6" reinforced concrete with a 5" raised concrete pedestal in the

center. Six air vents are located in the base of the walls to provide air cir-

culation. The bomb padding encloses the chamber on top (spaced at 2" inter-

vals for venting) a separate roof then covers the entire enclosure. An access

aperture is located in the rear wall for the connecting shaft between the motor

and gear box. The test enclosure contains two entrances, one for direct

access from the c ;ntrol room and one exterior entrance for maintenance

operations. The two entrances are constructed of one inner and one outer

heavy steel and bomb padding doors set in steel frames (See Figure 21).

The control room adjacent to the test enclosure (14' x 14' x 8') is
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cons'truct-.]GC Off relnlrorceA od a al ;:r., ro' A nOff ren-cd ca

crete curtain wall provides additional protection. All electrical power for

the operation of the test apparatus is controlled from this site.
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SECTION IX

INSTRUMENTATION ,AND DESIGN

1. Rotating Arm and Drive System Control

Control Console (Figure 22)

The rotating arm and drive system is operated and controlled from

a remote operation console. The control panel includes a Start/Stop push-

button with indicating light, a digital voltmeter for speed indication with a

range of 0-4000 rpm with an accuracy of *10 rpm at maximum speed, a ten

turn helipot enables speed set point resolution within 1% (manual adjusting

to set speed as desired), and an emergency stop pushbutton with reset push-

button to cut power to drive motor. Contained also, in the control panel are:

D C voltmeter and ammeter, oil pressure and temperature visual indicators,

an oil overtemperature relay with indicating light and an oil temperature regu-

lator controlled manually by operator.

The characteristics of the individual components of the power train are

shown in tabular form below:

Static Power Supply (Figure 23)

H.P. 400

Voltage Input 480 AC

Phase 3

Cycle 60

Operation 480-240 V, D.C.

One Minute Current 150%

Speed Regulation from No Load 1%
to Full Load
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Overload Protection Thernial and Instantaneous Short

Circuit Surge Protection

Field Excitation 240 V, D.C.

Motor, EIlectric, DC

H.P. 400

RPM (875-1750)

Voltage Input Stabilized 480 DC

Insulation Class B

Temperature Rise 60 0 C

Duty Continuous

Windings Shunt Wound

Mounting Foot Mounted

Shaft Ball Bearing, Horizontal

Enclosure Open, Drip-proof

One Minute Current 150%

Operation Adjustable 480-240 V, DC

Torque Constant

Connecting Shaft

Length 80 1/2"

Power Transmission H. P. 400

Duty Continuous

Safety Factor 1. 5

Couplings (either end) Matched

Speed Increasing Gear Set - Right Angle (Figure 24)

Ratio (2:1)

* Class AGMA Class I

Safety Factor 1. 5

Output Sha ft Vertical

Input Shaft Horizontal

42



Power Transmission H. P. 400

Load Limit for 1 Minute 150%

Lubrication Motor Driven Oil Lube System

Oil Temperature Control Manual

Indicators Visual Temperature Indicator
Visual Pressure Indicator

Hub and Drive Shaft (Figure 25)

Length 29 1/2"

Hub Diameter 17"

Material 4130 Steel

Duty Continuous

Maximum Side Load 15, 000 lb.

Bearings and Bearing Housing (Figure 26)

Type Double Row
Angular Contact

Duty Medium

Radial Load Rating 47, 000 lb.
at 33 1/3 rp~n

Average Life 2500 hrs.

Housing Material Aluminum

Length 15 7/8"

Diameter 9 1/211

Shaft and Bearing Housing Support Assembly (Figure 27)

Height 5' 4 1/2"
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F • nu i i n m m - i m m

Figure ZZ. MOTOR DRIVE CONTROL PANEL

VI Oil Pressure Indicator 05 D. C. Volt Meter

V2 Oil Temperature Indicator 06 D. C, Ammeter

V3 Start Button Xl Speed Control

V4 Stop Button I Interlock

V5 Reset Button

V6 A. C. Supply Button

V7 Emergency Stop
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2. Rain Simulation Control

Control of the Simulated rainfall is accomplished at a remote control

panel. When the test specimens have reached the desired velocity, the simu-

lated rainfall is initiated. Start and stop switches open or close the solenoid

valves located behind each of the four manifold quadrants. Rainfall is generated

immediately and continues until termination of the test run. Clocking mechan-

ioams provide a measurement of the total elapsed time of the raiuifall during each

test. Aaother clock mechanism provides a cumulative measurement of the total

hours of rainfall simul- tion. A third clock measures total hours of rig operation.

At the termination of the operating day, a dumping solenoid is activated.

This solenoid drains the water supply from the systemr After the dumping

solenoid is closed, nitrogen gas is forced through the quadrant solenoids,

quadrants and capillary tubes to remove the remaining water.

The primary requirement in the generation of a simulated rainfall for

use in rain erosion testing was that the mean drop size be 2. 0 mm in diameter.

An additional requirement was that it be possible to control the rainfall rate

at values of I or 2 inches per hour in the path circumscribed by the test

specimens. The system was designed for use with 96 capillaries operating

simultaneou.sly. Thus, the basic requirement for a 1 inch/hour rainfall

required a Z. 0 mm drop size falling at the rate of 6-7 drops/sec/capillary

across two inches of the sample width.

It was found that a 27 gage (0. Z0 mm, I. D.) capillary, would produce a

2. 0 mm drop at the rate of 6-7 drops/sec with a water head of approximately

so
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5 ft. When the rainfall manifold quadrants with one hundred 27 ga capillaries

were installed approximately 40 inches above the test specimens, they pro-

duced a simulated rainfall of I inch/hour across twvo inches of the specimen

width. In actual practice, it was necessary to move the quadrants about 2

inches inboard of the specimen center for the outward pull of the drops due to

centrifugal pumping of air created by the rotating arm. This outward pull was

observed visually with binoculars from a position above the spaced bomb

padding on the roof.

3. Closed Circuit Television Monitor and Camera

Test specimens are observed by a remote operator through a closed

circuit television system. The television camera is enclosed in a blastproof

environmental housing (See Figure 28). The interior wall- of the housing are

lined with styrofoam for sound proofing and noise adsorption. This is neces-

sary due to the high noise level generated by the double rotating arm. The

housing is mounted on the wall of the test enclosure above the plane of the

blade. The camera lens is focused to a specific location in the annular path

of the test specimen. Operator viewing is acco;nplished by an industrial

display monitor in the remote control room. (See Figure 29). Illumination

of the test specimens is obtained by a stroboscopic system synchronized to

the rotation of the double arm. The enclosure wall directly in front of the

television camera was painted white to provide an improved background

contrast. The camera lens magnifies the test specimen image approximately

2. 5 times actual size.
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SPECIFICATIONS: Television Camera
Input V•Itage 125 volts AC
"Scanning 525 lines/frame;

30 frames/sec.
Camera Tube Type 7735A vidicon
Resolution 650 lines center;

450 lines corners
Resolution Stability Stable (00 to 500C)

vs. Temperature
Scan Failure Protection Less than 8 milliseconds
Ambient Temperature 0° to 500C at 95% RH

Limits
Television Monitor
Input Power 125 volts AC
Video Signal 0. 25 volt
Video Response 800 line resolution

4. Vibration Monitor

Vibration pickups are mounted on the bearing housing below the double

rotating arm. These seismic instruments measure displacement in the h->ri-

zontal and vertical directions. The selected sensors operate in the 5 to 2000

cps frequency range with an accuracy of *2%6, at 100 cps. Stable operation is

possible between -65°F to 250°F. The vibration pickups serve various pur-

poses such as indicating bearing conditions, shaft displacernent, and unbalanced

loading of the double rotating arm. A vibration measuring meter Is located in

Sthe remote control room and provides direct readings of displacement in

inches total amplitude. During normal operation of the rotating apparatus,

vibration, displacement and/or unbalanced loading is constantly monitored.

Vibration Pickup
Frequency Range 5 to 200 cps
Sensitivity 650 ohms

Calibration Accuracy *Z% at 100 cps
Temperature Range -65o to 250°F

Vibration Meter
Scale Range ,00I to I inch total displacement
Tolerance *-2%
Frequency Range 10 to 1000 cps
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5, Be'.rinTenp4rature MonPitors

Tzmperature mornitors are used to indicate the temperature of the a2dal

and load bearings located in the rotating arm d..ive shaft. Two thermocouples

bAGC apart ,n the drive Abaft bearing housing were placed at each bearing

"location. These temperature monitors arc connected to a multipoint potentio-

meter :-ecorder located in the remote control room. Constant and early

warning are provided as to the axial and load bearings operational condition.

6. Stroboscopic System

In an effort to -iew the test specimens in the dynamic condition, a

stroboscopic system was installed. The remote operator can determine

specimen condition by the use of stroboscopy in conjunction with closed cir-

cuit television monitoring. A commercially available stroboscopic system

was procured, With minor modification, the system is totally compatible
I

with the television camera and monitor with respect to the necessary object

ill'imination level and scanning rate of the camera. In essence, two high

intensity stroboscopic lamps are m-unted on the wall of the test enclosure,

one above and one below the plane of the rotating double arm. The lamps

are aligned, such that the intersection of their beams is in the area where

the rotating test specimen is -.,Athin the focal point of maximum clarity with

respect to the television camera. The stroboscopic flash is triggered by

photoelectric pickups locat,d near the mounting shaft of the rotating double

arm. The pickups respond to small reflective tapes mounted on the coupling

of the rotating shaft. The location of the photoelectric pickups and reflective

tapes are determined by the desired location Cf the test specimens with re-
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spect to the televlsion camera.

Two test s3pecimens are evkhvated simultaneouslyý They are located

approximately 9Z. 50 inches apart on the horizontal axis of the rotating double

arm and in a rotational sense 1800 apart. Therefore, in order to insure

obsetvation of either test specimen at the operator's discretion, the auto-

synchronized stroboscope was modified to include an additional photoelectric

pickup and switching arrangement. Selective monitoring of either test

specimen is controlled by the operator. The stroboscopic equipment un-

cludes a c.ontrol for a normal or bright illumination condition. This in-

creases the operator observation capability regardless of the specimens,

physical condition (light, dzark, shiny, dull). (See Figure 30).

SPECIFICATIONS:

Flash Rate

Normal Setting 0-12, 000/min
Bright Setting 0-5, 000/min

Flash Duration 8 Microse cv/max.

Flash Tube (Xevon) 150 beam
Tube life 50,000,000 flashes

Photo Pickup
Speed range 0 to 500, 000 events/mi
Resolution Senses 0.01" line
Photo Cell Silicon
Life Expectancy 100,000 hours
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SECTION X

CALIBRATION EXPERLIENT'S

The initial characterization of the rainfall pattern5 and bshavior of the

apparatue was measured by the use of uncoated glass-epoxy laminate airfoils

which indicated the erosion pattern on their leading edge surface. The

patterns proved to be quite uniform and so wei:-ht loss experiments on 1100

aluminum were conducted to check reproducib'§ :y. The weigh¶ 1.-,ss was

reproducible within 5 milligrams of total of 150 nig eroded after runs of

20 minutes at 600 MPH in the I Inch/hour simulated rainfall.

Following the above experiments, a large number of aluminum and glass-

epoxy airfoils coated with two thicknesses (8 and 1Z mils) of each o." the

neoprenes qualified to MIL-C-7439B Types I and II and MIL-C-27315 Type I

Specifications were run at 500 MPH to measure their erosion resistance.

This was determined as the time for penetration to the substrate or for

adhesion loss of the coating as observed through the closed circuit television

viewing system.

Tt'- results were as expected with the coatings lasting longer on the

aluminum substrates than on the glass-epoxy laminate. This reflects the

substrate dependence of the coating. The thickness dependence of the

erosion resistance of elastomeric coatings was also demonstrated In these

neoprene coatings with considerable differences in the times to failure for

8 mils (typically 10-15 minutes at 500 MPH on aluminum) versus 12 mils

(typically 25-40 minutes at 500 MPH on aluminum).

The specific data on these neoprene-coated specimeas is shown in Table VI.
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SECTION XI

CORRELATION EXPERIMENTS

The old AFML rotating arm (500 mph only) apparatus had been previously

correlated with the flight test resulte from the Project Rough Rider thunder-

storm penetration flights in 1967. (Reference 1). The same materials were

also run in the new apparatus at 500 mph, ' inch/hour simulated rainfall.

Specimens of the various coatings were prepared utilizing aluminum sub-

strates which are representative of the horizontal stabilizer leading edge of

the F- 100 F aircraft.

The results of these expevirments are shown in Table VII which compares

the time to failure in the new apparatus with the time for failure after a

measured time in the thunderstorms on the aircraft. As may be seen, the

rankings of the materials agree quite well with the exception of the clear

23-61 polyurethane which performed relatively better in the flight test than

it did in the rotating arm exposure. The modes of failure-erosion or

adhesion loss -- were also similar for most materials in either the rotating

arm or flight exposure.
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COMPARISON OF ROTATING ARM EROSION
AND FLIGHT TEST EROSION

Ritating Arm ! 'rype f Flight TestZ Type of
Material Time to Failure Failure iTime to Failure Failure

(_ninutes) (minutes)

Specification 40.0 Erosion i 137:'5 Erosion
neoprene f0. 0 15"

MIL-C•7439B i

Clear urethane 9.8 Erosion 439:403 Little(c.0 ,)I"" 23-61 erosion
White urethane 180.0 Slight 439:40 No

"I erosion P roio(0.015 eerosion
- - w1lebrP . 0

r u3 a urethane 180.0 No failure 439:40 No erosion
(0.0 15') MS-61 (391:55) Adhesion

"Electroplated 180.0 No damage 439:403 No erosion• ~ ic 01 (0ke ( 0 15"
SY-926 ure ha. e 34 0 Adhesion 137:15 Adhesion

tape (0.013") & erosion

r'ctan~ej boot 84. 3 Adhesion Z14:10 Adhesion
• ~~ . 0. 18")

Neoprene boot 117.0 ,Erosion 137:15 Erosion &
(0.0Z2) adhesion

Nitrile rubber boot 52. 1 Erosion 137:15 Erosion &
?(u). 018") adhesion
SP.O. 655 poh-mre- not run Adhesion 338:10 Adhesion

thane sheet (0. 030)

"ieoprene boot with 61.0 Adhesion 184:10 Adhesiongum, rubber backing

(0. 03911)

White neoprene 87. 6 Erosion 61:55 Adh!ý-sion
(o. 0 2___")

"Rotating arm- exposure - 500 mph, 1 Inch/hour rainfall intensity in AFMb Mach
1. 2 acparatus.

-Flight: test exposure - 300 mph, varying intensities of ra1i, and hail.
3'.Full ex•poinire on F-100 F aircraft.

NOTE7S! All coatings and boots are identical thicknesses on aircraft anI rotating
arm specimens. Substrates are aluminum. 180 minutes is normnal cut-off time
bfor specimnens on AFML apparatus.
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SECTION XII

DISCUSSION OF RESULTS

The experinientation with the apparatus at 500 and 600 MPH to date have

indicated all components are functioning as planned and the degree of simu-

lation provided by this rotating arm is much improved over previous such

apparatus. The consistency and reproducibility of the results are excellent.

The individual subsysteims including the power supply and drive system,

the rotating arm, the water supply and droplet simulation apparatus, the

stroboscopic system, closed circuit television, and monitoring systems,

Sthe vibration and temperature sensing system and the safety features corn-

bine to provide one of the most sophisticated rain erosion simulation devices

currently in operation. Over 730 operating hours have been completed,

representing more than 850 test runs. More than 1600 specimens have been

tested and evaluated at 50C and 600 MPH.

Initial rotating arm results and correlation of these results with actual

flight test results indicate a capability exists not only for simulation of the

Srain erosion phenomena-and mechanisms on varying materials but more im-

portantly for use in development of improved rain erosion resistant materials.
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SECTION XIII

CONCLUSIONS

1. A rotating arm apparatus has b'.en constructed at the Air Force Mate.,dIals

Laboratory, Wright-Patterson AFB, Ohio, which is capable of rain erosion

simulation at velocities up-to 900 MPH.

2. The apparatus has demonstrated consistency and reproducibility in its

operation.

3. The rankings of the rain erosion resistance of materials as obtained on

this rotating arm have correlated with those obtained in actual flight exposures.

4. The rotating arm method is the most effectiv research tool for guiding

exploratory development of rain erosion resistant materials.



SECTION XIV

FUTURE WORK

1. Research on the rotating arm apparatus will continue to investigate the

erosion behavior of new and improved elastomeric, plastic, ceramic and

F tmetalic coatings and bulk materials alc v-locities up to Mach 1. 2,

, H.I:h speed motion picture photagrzpby will be utilizcd to develop models

of rnechazisrns of eron of ductile, brittle and composite materials.

Effects of envirzmnentratl variables such as velocity, nipingenent angle,

droplet size and rainfall cncent-ratton wiHl be investigated.

4. Effects of materials varzable asuch as coati ng thicIuess, composite,

construction techniques, void content and fibzr or nrtatrb.- compasition will

be investigated.

*

I
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13. ASSTR•AC T

\- •%Development of a Mach 1. 2 Rain Erosion Test Apparatus at the Air Force
Materials Laboratory, Wright-Patterson Air Force Base, Ohio',is described.
This rotating arm apparatus is capable of evaluating the relative rain erosion
resistance of materials and can be operated at speeds of 450 to 900 mph in a

j jI or 2 inch/hour simulated rainfall. This report describes the design and
development of the apparatus including the rotating arm, power train, test
enclosure, rain simulation and control systems. Calibration and correlation
experiments are also described.
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